Abstract: Settled dust samples were collected from Qingdao urban area to analyze the spatial distribution, chemical speciation and sources of metals, and to evaluate the health risk of metals from atmospheric dust. The average contents of Hg, Cd, Cr, Cu, Ni, Pb and Zn in the atmospheric settled dust of Qingdao were 0. 17, 0.75, 153.1, 456.7, 60.9, 176.0 and 708.3 mg/kg, respectively, which were higher than soil background values. The mean exchangeable metal and carbonated-associated fraction proportions of Cd, Zn and Pb were 43.6%, 26.1% and 15%, which implies that they have high mobility and bioavailability. Higher contents of heavy metals appeared in old city areas because of the historical accumulation of metals. Principal component analysis showed that combustion sources partially contributed to Pb, Zn and other trace metals. Hg, Pb and Zn mainly originated from business, human activities and municipal construction. Cd and Cu from settled dust of the old city originated from the erosion and ageing of construction materials. The non-carcinogenic risk rankings for the seven determined heavy metals were ingestion > dermal > inhalation. Cd, Cr and Ni from settled dust showed a low carcinogenic risk. The health risks of Cr, Cu and Pb were higher in old city areas and, therefore, need special attention.
Introduction
Atmospheric settled dust refers to the particles that settle on the ground as a result of their own gravity. Their particle size is mostly larger than 10 µm, which is an important indicator of air pollution monitoring [1] . Due to the different sources of pollutants and the different effects of the physical and chemical processes, the chemical composition of the settled dust in the atmosphere is complex, including metal particles, inorganic particles and organic particles [2] [3] [4] . More pollutants (e.g., heavy metals, polycyclic aromatic hydrocarbons (PAHs)) accumulate in city soil or dust in correlation with human activities [5] [6] [7] [8] . Therefore, settled dust is thought to be the carrier and reaction bed of pollutants; it has an important impact on environmental changes, the climate and human health [9] [10] [11] . High contents of heavy metals in atmospheric particles have been observed, especially in fine particles [12, 13] . The contents of heavy metals in settled dust are much higher than soil background values [4, 14] . Metals in dust can enter the human body by inhalation, ingestion, dermal exposure, and they can have a non-carcinogenic risk or carcinogenic risk. Partial metals in surface dust are also dissolved in mega-city acid rain, and are then carried to rivers by runoff and affect the safety of aquatic ecosystems [15, 16] . Because of the high content of harmful metals in dust, the health assessment of heavy metals from street/road/park dust collected in different urban functional areas was performed [4, [17] [18] [19] [20] .
Sampling and Experimental Setup
Qingdao is a century-old coastal city. The urban areas along Jiaozhou Bay (west part of Shinan (SN), Shibei (SB) and Licang (LC)) are old city areas. There are many old plants in the north-west of the old city areas. The eastern part of the city has been developed over the last 30 years. In March 2017, settled dust samples were collected from Qingdao city. Because street dust is often mixed with the uppermost surface layer of soil, the settled dust samples were collected gently with a brush from the surface of wooden doors and windows without paint or metal shedding. They were then stored in polyethylene bags. In this way, the settled dust samples were not mixed directly with the upper layer of soil. The sampling sites were not close to obvious pollution sources such as point-source and line-source pollution. The sampling height of settled dust was 1.5-2.0 m. The samples were screened by 150 mesh nylon screens, and air dried before analysis. Approximately 93 settled dust samples were collected (Figure 1 ). Chemical speciation was analyzed for 34 samples. 
Analysis of Samples
The total contents of trace heavy metals from the settled dust samples such as Hg, Cd, Cr, Cu, Ni, Pb, Zn and other constant elements such as Fe and Al were measured. The samples were digested with aqua regia (6 mL concentrated HCl and 2 mL concentrated HNO3) to determine Hg by the method of cold vapor atomic fluorescence spectrometry (CVAFS, US EPA1631) using Brooks Rand Model III. The samples were digested to measure other metals with HNO3 + HF + HClO4 at 180 °C in a Teflon crucible until the solid residue disappeared and the solution was clear. Cd, Cr, Cu, Ni, Pb, Zn, Fe and Al were measured by the method of plasma emission spectrometry (ICAP-6300, Thermo Fisher Scientific, USA).
The exchangeable metal fraction (F1), carbonated-associated fraction (F2), fraction associated with Fe and Mn oxides (F3), fraction bound to organic matter (F4) and residual fraction (F5) of metals in dust were analyzed using five-step sequential extraction [29] . The contents of different metals specifications were measured by the method of plasma emission spectrometry (Thermo, ICAP-6300). Organic carbon was determined using the K2Cr2O7 oxidation method (CEPA, HJ615-2011).
Furthermore, major water-soluble ions such as Na + , NH4 + , K + , Mg 2+ , Ca 2+ , Cl − , NO3 − , SO4 2− were analyzed. Water-soluble ions in particulate samples were extracted using second-deionized water by an ultrasonic cleaner (KQ-300E) [30] . The filtrate was used to determine water-soluble ions such as Na + , NH4 + , K + , Mg 2+ , Ca 2+ , Cl − , NO3 − and SO4 2− by Ion chromatography (ICS-3000, Diane, USA). 
The total contents of trace heavy metals from the settled dust samples such as Hg, Cd, Cr, Cu, Ni, Pb, Zn and other constant elements such as Fe and Al were measured. The samples were digested with aqua regia (6 mL concentrated HCl and 2 mL concentrated HNO 3 ) to determine Hg by the method of cold vapor atomic fluorescence spectrometry (CVAFS, US EPA1631) using Brooks Rand Model III. The samples were digested to measure other metals with HNO 3 + HF + HClO 4 at 180 • C in a Teflon crucible until the solid residue disappeared and the solution was clear. Cd, Cr, Cu, Ni, Pb, Zn, Fe and Al were measured by the method of plasma emission spectrometry (ICAP-6300, Thermo Fisher Scientific, USA).
The exchangeable metal fraction (F1), carbonated-associated fraction (F2), fraction associated with Fe and Mn oxides (F3), fraction bound to organic matter (F4) and residual fraction (F5) of metals in dust were analyzed using five-step sequential extraction [29] . The contents of different metals specifications were measured by the method of plasma emission spectrometry (Thermo, ICAP-6300). Organic carbon was determined using the K 2 Cr 2 O 7 oxidation method (CEPA, HJ615-2011).
Furthermore, major water-soluble ions such as Na + , NH Five standard samples (GBW07315) were tested for each batch of samples to calculate the method of the recovery of heavy metals, and the blanks were also tested to calculate the detection limit. The recovery rate of metals was 84.4-113.5%, and the detection limit of the water-soluble ions is shown in Table S1 . In the experiment, samples were randomly selected for parallel analysis and the relative standard deviation was less than 2.6%. Ultrapure water (18.2 MΩ·cm, 25 • C) was used in the analysis.
Enrichment Factor Analysis
The enrichment factor (EF) is an important index to quantitatively assess the degree of disturbance of human activities on the natural environment. To reduce human influences and ensure the equivalence among the indices of the samples, the reference element is used to normalize the elements in the settled dust samples [32] . The natural, ubiquitous, easily measured and inert elements are used as references. In this paper, Fe is used as a reference element, and the calculation formula is as follows:
where C i represents the content of heavy metal element i, C n represents the content of Fe, and the background value of heavy metal content in the study area comes from the baseline value of Qingdao City provided by Yao et al. [33] . According to the values of the enrichment factor and other research [34] , pollution levels are divided into 5 categories (Table 1) . 
Health Risk Assessment
The soil risk model was proposed by the US Environmental Protection Agency (US EPA) as a basic framework [35] . It was used to estimate the health risk assessment. Several parameters were revised [36] . The risk assessment includes two types of risks: non-carcinogenic risk and carcinogenic risk. Hg, Cu, Pb, Zn, Cr, Cd, Ni have chronic non-carcinogenic health risks. Cd, Cr and Ni also have carcinogenic health risks, and dust inhalation is the only harmful possibility for humans for carcinogenic heavy metals. People were divided into two groups: children and adults. Ingestion, inhalation, and dermal contact absorption are the main exposure routes. The calculation model of health risk is shown as follows. The meanings and values of the parameters are shown in Table S2 . 
(Risk) i = ADD inh × SF
HQs (hazard quotients) indicate the non-carcinogenic risk of non-carcinogenic substances. HQs are the ratios of non-carcinogenic exposure to a reference dose (RfD). HI is the hazard index. When HI < 1, the risk can be considered small or negligible; when HI > 1, then there is a non-carcinogenic risk. Risk represents the probability of cancer occurrence [36] . For the risk of cancer (Risk), if it is less than the value of carcinogenic risk (10 −6~1 0 −4 ), then that substance does not carry risk of cancer; otherwise, there is a potential risk of cancer [36] . The total carcinogenic risk is the sum of the carcinogenic risks of each carcinogenic heavy metal.
Results and Discussion

Heavy Metal Contents and its Speciation in Settled Dust
The total mean contents of metals (without outliers) recorded in Qingdao are shown in Table 2 . The average contents of Hg, Cd, Cr, Cu, Ni, Pb and Zn in the atmospheric settled dust of Qingdao were 0.17, 0.75, 153.1, 456.7, 60.9, 176.0 and 708.3 mg/kg, meaning 6.86, 4.86, 4.94, 34.6, 4.95, 5.67 and 10.3 times the soil background values, respectively. This indicates the enrichment of heavy metals in settled dust. Excepting Hg and Ni, the mean contents of Cu, Pb, Zn, Cd, Cr were all higher than the Chinese new soil quality guidelines for agricultural land (GB 15618-2018) [37] , but lower than the Chinese new soil quality guidelines for residential land (GB 36600-2018) [38] . The largest values of Cu, Pb, Cr, Ni were higher than the guidelines for residential land. Two areas showing high values were found in this study: one area was located in the west south of the city (the oldest part of city), and the other was close to the Hanhe cable factory ( Figure 2 ). Compared to other international standards, the mean values of Cu, Pb, Zn, Cr, Ni were all higher than the Canadian soil quality guidelines for agricultural or residential land. Hg and Cd contents in several sites were higher than Canadian soil quality guidelines for agricultural land.
Cu, Pb, Zn, Cr, Ni contents were higher than in Beijing [24, 39] , Nanjing [28] , Chengdu [4] , Jordan [40] and Massachusetts [41] (Table 2) . However, Hg, Cu, Pb, Zn and Cr contents were lower than in Krakow [20] . Except for Cu, the metal contents were comparable with those in Shanghai, but most metals were lower than in Hong Kong [14] . The Zn content in Warsaw, the capital of Poland [42] , was about twice that of Qingdao, which might be related to the local industrial and historical background of Warsaw. Higher contents of Cu, Pb, Zn, and Cr were recorded in Qingdao, Shanghai [43] and Krakow [20] from surface dust compared with street dust in the other cities excepting Hong Kong. Street dust might contain more coarse soil particles, while particles of the surface dust were finer. Fine particles stick to the skin or enter the stomach from unwashed hands more easily. There were recorded high contents of metals in fine soil, sediment and dust [12, 44] . Therefore, the metal contents were higher in the samples collected on the surface of buildings. [20] * Mean value of metals without outliers (value is much higher than the sum of mean and three times standard deviation); a shows hexavalent chromium.
The mean contents of five chemical types and their ratios to the total contents in 34 sites are shown in Table 3 . In five types, the mean residual fraction (F5) proportion orders of the metals decreased as follows: Al > Fe > Cr > Pb > Cu > Cd > Zn. The proportions of Al, Fe and Cr were the highest, at 82.6%, 81.4% and 69.3%, respectively. High proportions implied the lesser content of the other four fractions. Therefore, Fe, Al and Cr had high stability, and were strongly bound to minerals or the component of the resistant mineral crystal structure. The mean F5 proportion of Pb was 46.3% with the largest proportion in five fractions. The mean proportion of the five fractions for Fe, Al, Cr and Pb decreased in the following order: F5 > F3 > F4 > F2 > F1. This order was similar to Al and Cr from dust in the Nanjing Jiangning area [28] . The F3 proportion of Zn was the highest, at 44.6%. The fraction bound to the organic matter (F4) of Cu, Cd, Zn and Pb was significant, with proportions of 70.2%, 26.3, 18% and 15%, respectively. The content of organic matter in dust was 6.16%, which was much higher than the soil background values. Copper ions combine easily to organic matter in soil and sediment [46] . For Cd, the order was F4 > F1 > F3 ≈ F2 > F5, which was different from other metals. The exchangeable metal (F1) and carbonated-associated fraction (F2) of Cd accounted for 24.6% and 19%, respectively. Because humans can easily absorb F1 and metals in the F2 fraction could be released by gastric acid, the sum of F1 and F2 was used to represent the bioavailability of metals. Therefore, high values of F1+F2 implied high environmental health risks. The mean F1+F2 proportion decreased as follows: Cd > Zn > Pb > Cu > Cr > Fe > Al. The mean F1 + F2 proportions of Cd, Zn and Pb were 43.6%, 26.1% and 15%, which implied that they have high mobility and bioavailability. This characteristic was also found in other street dusts [28, 47] . The high mobility and bioavailability of Pb in dust might cause high Pb concentrations in children's blood in heavy polluted cities [48] . 
Spatial Distribution Characteristics of Heavy Metals
The spatial distributions of different heavy metals in urban areas varied significantly. The contents of Cu, Pb, Zn, Ni, Cr and Hg were higher in the southwest of Qingdao (the west of SN and SB districts), where the old city area is (Figure 2) . One site located close to the railway station recorded the highest Cr, Pb, Zn, and Cd, which might be influenced by the intensive transport. In this area, there are old residential areas, the harbor, and the railway station. Human activities affected for a long time the accumulation of metals in surface dust. A high-content site of Cu, Pb, Zn and Cd was established in the east of Laoshan, which is potentially polluted by the Hanhe cable factory. High contents of Fe and Ni were revealed in the north of Qingdao city, close to the Qingdao steel plant.
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The spatial distribution differences of Fe and Al were relatively small, but the contents in the coastal area were higher than those inland. A high content of Hg was recorded in the west of LC, which is an old industrial area including the Thai Group coke gas plant, and nearby chemical plants. Coal is the raw material of coke production. Hg in coal is released to the air and adsorbed by dust [49] . Hg contents in business zones between Xianggangzhong Road and Zhongshan Road were higher. Hg might originate from fluorescent lamps and the oil paint used in shop decoration in the past. The lowest Hg content appeared in the northeast of Qingdao, close to Mount Laoshan. The content of Ni in most areas was within the background value range, and human activities had little influence on the content of Ni in settled dust.
The larger variation coefficients of Hg (207%) and Cu (202%) implied large spatial differences influenced by different human activities. The average contents of Al and Fe in the four districts were 4.66% and 3.90%, respectively. The content of Al in Qingdao was lower than the soil background value of Shandong (6.6%) [50] . 
Source Identification of Atmospheric Settled Dust
A Pearson correlation was performed, and the results are shown in Table S3 . Most of the water-soluble ions correlated significantly with each other. Excepting Al, Fe and Hg, other heavy metals correlated significantly with each other. This suggests that there was a large difference in the main sources between water-soluble ions and heavy metals. We found that several water-soluble ions were correlated significantly with heavy metals. For example, K + correlated significantly with Cd, Cr, Cu and Pb.
The sources of settled dust are complex in mega-cities. PCA was used (Table 4) to analyze the source of settled dust using the water-soluble ions and metal contents. The Kaiser-Meyer-Olkin (KMO) value was 0.69, and Bartlett test probability significance level was 0.000; therefore, PCA was suitable. Five components were extracted because their characteristic values were more than 1, and their cumulative contribution rate was 70.5%. Component 1 mainly reflected the change of water-soluble ions except NH4 + , and Mg 2+ , K + , Na + , Ca 2+ , Cl -, SO4 2− and NO3 − explained a relatively high positive load in component 1. Na + and Cl -are the ion pairs that reflect the characteristics of the sea source. K + , Mg 2+ , Ca 2+ and SO4 2− are also the main components of seawater. In winter, sea fog often appears in Qingdao in the morning and the humidity is high. The diameter of fine particles increases with condensed water, which causes more fine particles to settle on the surface of buildings. SO4 2− and NO3 − are the main components of secondary aerosols, mainly reflecting the source of fuel combustion [51] . K + in aerosol is believed to originate from the biomass combustion [52] . In component 1, Pb, Zn, Ni, Cu, Cr and Cd contribute to a positive load, but these metals are trace components in seawater. Therefore, fuel combustion might be an important source of trace metals. Pb and Zn were found with high values in coal combustion, tire wearing and vehicle exhaust emissions [41, 53, 54] . In past years, domestic heating depended on dispersed coal-burning stoves in old city areas, and pollutants were released directly to the atmosphere. The spatial distribution differences of Fe and Al were relatively small, but the contents in the coastal area were higher than those inland. A high content of Hg was recorded in the west of LC, which is an old industrial area including the Thai Group coke gas plant, and nearby chemical plants.
Coal is the raw material of coke production. Hg in coal is released to the air and adsorbed by dust [49] . Hg contents in business zones between Xianggangzhong Road and Zhongshan Road were higher. Hg might originate from fluorescent lamps and the oil paint used in shop decoration in the past. The lowest Hg content appeared in the northeast of Qingdao, close to Mount Laoshan. The content of Ni in most areas was within the background value range, and human activities had little influence on the content of Ni in settled dust.
The larger variation coefficients of Hg (207%) and Cu (202%) implied large spatial differences influenced by different human activities. The average contents of Al and Fe in the four districts were 4.66% and 3.90%, respectively. The content of Al in Qingdao was lower than the soil background value of Shandong (6.6%) [50] .
The sources of settled dust are complex in mega-cities. PCA was used (Table 4) to analyze the source of settled dust using the water-soluble ions and metal contents. The Kaiser-Meyer-Olkin (KMO) value was 0.69, and Bartlett test probability significance level was 0.000; therefore, PCA fog often appears in Qingdao in the morning and the humidity is high. The diameter of fine particles increases with condensed water, which causes more fine particles to settle on the surface of buildings. SO 4 2− and NO 3 − are the main components of secondary aerosols, mainly reflecting the source of fuel combustion [51] . K + in aerosol is believed to originate from the biomass combustion [52] . In component 1, Pb, Zn, Ni, Cu, Cr and Cd contribute to a positive load, but these metals are trace components in seawater. Therefore, fuel combustion might be an important source of trace metals. Pb and Zn were found with high values in coal combustion, tire wearing and vehicle exhaust emissions [41, 53, 54] . In past years, domestic heating depended on dispersed coal-burning stoves in old city areas, and pollutants were released directly to the atmosphere. In component 2, Cr, Cu, Cd, Fe, Zn and Ni had higher loads; these elements were widely used in human activities and municipal construction. They are often used in alloy surface preservation on many metal tools or for the decoration of surfaces. Metals are released into the environment due to long-term oxidation and weathering processes. At the same time, Cr and Ni also came from the electroplating of metals and the wearing of brake components [55] . Cd and Cu are widely used in alloy surface preservation. High contents were determined in the old city areas and near the Hanhe cable factory. Therefore, Cd and Cu in the old city areas originated from the corrosion and ageing of construction materials. The wearing of the brake lining not only causes Cd pollution, but also brings Cu pollution in the dust [41, [56] [57] [58] . In component 4, Al and Fe had higher loads, being constant elements in the soil and parent rock. Fe, Al and Ni had higher positive loadings to component 2 and 4, suggesting that they came from human activities and soil origins. In component 5, Hg had the highest load, being mainly derived from human activities. For example, there was a high Hg content in the commercial district and the hospital of Qingdao determined in this study.
Enrichment Factors and Health Risk Assessment
Enrichment factors (EFs) of Cd, Cr, Cu, Hg, Ni, Pb and Zn in the settled dust in urban areas of Qingdao are shown in Figure 3 . There were large EF differences between different regions of Qingdao, especially for Cu. The EFs of most sites were larger than 2. This indicates that the atmospheric settled dust in the urban areas of Qingdao was predominantly affected by human activities. In urban areas, more than 75% of the EFs of Hg, Cd, Cr, Ni and Pb were less than 5, and more than 50% of the EFs of Hg, Cd, Cr, Ni and Pb were higher than 2.5. This indicates that most of the areas were moderately polluted. Furthermore, 87% of the EFs of Zn were from 5 to 20, and the enrichment of Zn was significant. The EF of Cu was the largest, because 4% of samples were higher than 50, while 57% and 24% of samples were higher than 20 and 40, respectively. Therefore, Cu in settled dust was extremely enriched. Pollution by Cu and Zn in settled dust deserves special attention. Because the differences of Fe were small, the EF values were affected by the concentration of heavy metals. The spatial distribution patterns of EFs were similar to the distribution of metal concentrations (Figure 2 ). According to Equations (2-4) and the heavy metal exposure parameters presented in Table S2 , the exposure doses of the three routes are shown in Table S4 and Table S5 . The non-carcinogenic heavy metal daily exposure dose of Zn was the highest, followed by Cu and Cr, while the exposure doses of Cd and Hg were lower. The non-carcinogenic exposure doses order from large to small were Zn, Cu, Cr, Pb, Ni, Cd, and Hg. The exposure doses order of different exposure routes was as follows: ingestion > dermal > inhalation. This characteristic was also reported in other cities [4, 24] . Therefore, ingestion intake is the main path for exposure in the case of settled dust. The influence on children is considered to be larger than in adults for all three exposure methods. The risk associated with children needs to be more closely studied and mitigation/protection measures should be developed [59] .
Based on the estimated exposure doses, the non-carcinogenic risk indices of seven heavy metals and the carcinogenic risk indices of three heavy metals in the atmospheric settled dust of Qingdao are displayed in Table S6 . The non-carcinogenic risk sequence was as follows: ingestion > dermal > inhalation. The average values of non-carcinogenic risk were all less than 1. This indicates that the risks of heavy metals to human health are not high in most sites. However, non-carcinogenic risks of Cr, Cu and Pb by ingestion exposure in some sites were higher than 1 (Figure 4 ), which were significantly higher than that of the inhalation pathway or dermal route. These three metals in several sites may be harmful to human health through the ingestion route of exposure. For children, as a sensitive group, the non-carcinogenic risks are higher than in adults, which is consistent with the research results of Men et al., [24] . The non-carcinogenic risk indices of heavy metals for children and adults through the ingestion route were as follows: Cr > Pb > Cu > Ni > Zn > Hg > Cd; the non-carcinogenic risk indices through the inhalation route were Cr > Pb > Hg > Cu > Ni > Zn > Cd. The non-carcinogenic risk indices through dermal contact were Cr > Pb > Cd > Cu > Zn > Ni > Hg. The average total risk of the non-carcinogenicity of different heavy metals accumulated in settled According to Equations (2)- (4) and the heavy metal exposure parameters presented in Table S2 , the exposure doses of the three routes are shown in Tables S4 and S5 . The non-carcinogenic heavy metal daily exposure dose of Zn was the highest, followed by Cu and Cr, while the exposure doses of Cd and Hg were lower. The non-carcinogenic exposure doses order from large to small were Zn, Cu, Cr, Pb, Ni, Cd, and Hg. The exposure doses order of different exposure routes was as follows: ingestion > dermal > inhalation. This characteristic was also reported in other cities [4, 24] . Therefore, ingestion intake is the main path for exposure in the case of settled dust. The influence on children is considered to be larger than in adults for all three exposure methods. The risk associated with children needs to be more closely studied and mitigation/protection measures should be developed [59] .
Based on the estimated exposure doses, the non-carcinogenic risk indices of seven heavy metals and the carcinogenic risk indices of three heavy metals in the atmospheric settled dust of Qingdao are displayed in Table S6 . The non-carcinogenic risk sequence was as follows: ingestion > dermal > inhalation. The average values of non-carcinogenic risk were all less than 1. This indicates that the risks of heavy metals to human health are not high in most sites. However, non-carcinogenic risks of Cr, Cu and Pb by ingestion exposure in some sites were higher than 1 (Figure 4 ), which were significantly higher than that of the inhalation pathway or dermal route. These three metals in several sites may be harmful to human health through the ingestion route of exposure. For children, as a sensitive group, the non-carcinogenic risks are higher than in adults, which is consistent with the research results of Men et al. [24] . The non-carcinogenic risk indices of heavy metals for children and adults through the ingestion route were as follows: Cr > Pb > Cu > Ni > Zn > Hg > Cd; the non-carcinogenic risk indices through the inhalation route were Cr > Pb > Hg > Cu > Ni > Zn > Cd. The non-carcinogenic risk indices through dermal contact were Cr > Pb > Cd > Cu > Zn > Ni > Hg. The average total risk of the non-carcinogenicity of different heavy metals accumulated in settled dust was less than 1, but the risk indices for children and adults in several sites were greater than 1. 
Conclusions
The average contents of Hg, Cd, Cr, Cu, Ni, Pb and Zn in the atmospheric settled dust were 6.86, 4.86, 4.94, 34.6, 4.95, 5.67 and 10.3 times the soil background value, respectively. There were significant spatial distribution differences of heavy metals in settled dust. The contents of Cu, Pb, Zn, Ni, Cr and Hg were higher in the old city areas due to human activities.
The residual fraction proportions of Al, Fe and Cr were highest at 82.6%, 81.4% and 69.3%, respectively. The mean exchangeable metal (F1) and carbonated-associated fraction (F2) proportions decreased as follows: Cd > Zn > Pb > Cu > Cr > Al > Fe. The mean exchangeable metal and carbonated-associated fraction proportions of Cd, Zn and Pb were 43.6%, 26.1% and 15%, respectively, which implies that they have high mobility and bioavailability. The combustion source contributes much to partial water-soluble ions, Pb, Zn and other trace metals. Hg, Pb and Zn are mainly related to business and industry. Cd and Cu in the old city areas originate from the corrosion and ageing of construction materials.
The enrichment coefficients indicate that Cd, Cr, Ni, and Pb reached a moderate level of pollution, Hg and Zn contents reached significant levels of pollution, and Cu was extremely enriched, which requires close attention in some sites of the Qingdao urban area.
The non-carcinogenic risk route was as follows: ingestion > dermal > inhalation. Children are more vulnerable to the environmental health threats than adults. The non-carcinogenic risks of Cr, Cu and Pb by ingestion exposure in several sites were higher than 1, which was significantly higher than that of the inhalation pathway or dermal route. Further, considering the proportion of speciation of F1+F2 in total content, Cr, Cu and Pb in several sites may be harmful to human health through the ingestion route of exposure. Cd, Cr and Ni in settled dust had a low carcinogenic risk. The health risks of Cr, Cu and Pb were higher in the old city areas and therefore need further research. The carcinogenic risk exposure by the inhalation route (Table S6) shows that the carcinogenic risk indices of Cd, Cr and Ni in settled dust were between 10 −11 and 10 −7 , lower than the non-carcinogenic risk, which is consistent with the research results of Qian et al. [31] . The carcinogenic exposure doses and carcinogenic risk rankings were in the order of Cr > Ni > Cd, and this shows that risk for adults is lower than for children. The maximum carcinogenic risk indices of Cr in children and adults were 1.58 × 10 −6 and 4.48 × 10 −6 , respectively.
The non-carcinogenic risk route was as follows: ingestion > dermal > inhalation. Children are more vulnerable to the environmental health threats than adults. The non-carcinogenic risks of Cr, Cu and Pb by ingestion exposure in several sites were higher than 1, which was significantly higher than that of the inhalation pathway or dermal route. Further, considering the proportion of speciation of F1+F2 in total content, Cr, Cu and Pb in several sites may be harmful to human health through the ingestion route of exposure. Cd, Cr and Ni in settled dust had a low carcinogenic risk. The health risks of Cr, Cu and Pb were higher in the old city areas and therefore need further research.
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